Periodic intensity variations in the measured Compton profile anisotropies of ordinary ice Ih correspond to distances of 1.72 and 2.85 Å, which are close to the hydrogen bond length and the nearestneighbor O-O distance, respectively. We interpret this result as direct evidence for the substantial covalent nature of the hydrogen bond. Very good quantitative agreement between the data and a fully quantum mechanical bonding model for ice Ih and the disagreement with a purely electrostatic (classical) bonding model support this interpretation and demonstrate how exquisitely sensitive Compton scattering is to the phase of the electronic wave function. [S0031-9007(98) Hydrogen bonds play a crucial role in determining many of the distinctive properties of water and biological complexes. In particular, in ice, hydrogen forms two distinct types of bonds with neighboring oxygen. The shorter (1.00 Å) covalent bond is a typical molecular s bond between the oxygen and hydrogen. It has been appreciated since Pauling [1] that the longer (1.75 Å) so-called hydrogen bond is most probably partly covalent. Even so, a microscopic quantitative understanding of the hydrogen bonds covalent, or quantum mechanical, character remains experimentally untested and controversial [2] .
Hydrogen bonds play a crucial role in determining many of the distinctive properties of water and biological complexes. In particular, in ice, hydrogen forms two distinct types of bonds with neighboring oxygen. The shorter (1.00 Å) covalent bond is a typical molecular s bond between the oxygen and hydrogen. It has been appreciated since Pauling [1] that the longer (1.75 Å) so-called hydrogen bond is most probably partly covalent. Even so, a microscopic quantitative understanding of the hydrogen bonds covalent, or quantum mechanical, character remains experimentally untested and controversial [2] .
In this paper we describe high momentum transfer inelastic (Compton) x-ray scattering studies of the hydrogen bond in ice Ih. In particular, we have measured Compton profile anisotropies which are exceptionally sensitive to the phase of the electronic wave function and therefore to the covalency of the hydrogen bond. Periodic intensity variations in the anisotropy reveal two distances, one of 1.72 Å, near the hydrogen bond length of 1.75 Å, and another at 2.85 Å, close to the nearest-neighbor O-O distance of 2.75 Å [3] . The presence of these two dominant lengths in the Compton profile anisotropy is interpreted as the first direct experimental evidence for the substantial covalent character of the hydrogen bond. Very good quantitative agreement between the data and a fully quantum mechanical bonding model for ice Ih [4] and the disagreement with a purely electrostatic (classical) bonding model are strong support for this interpretation.
Ice is a molecular solid in which the intermolecular bonding consists primarily of hydrogen bonds. In particular, in ordinary ice ͑Ih͒ the oxygen atoms sit on a lattice of two interpenetrating hexagonal close-packed structures with space group P6 3 ͞mmc (see Fig. 1 ) [5] . The molecular orientations are such that one hydrogen atom lies along the axis joining each of the neighboring, tetrahedrally coordinated oxygen atoms. As determined by neutron (in D 2 O) [6] and x-ray diffraction [3] , the two O-H distances on a given axis are approximately 1.00 Å for the covalent bond and 1.75 Å for the hydrogen bond, the bond energies being 4.8 and 0.29 eV, respectively [3] . The molecular orientations are correlated in such a way as to maintain this arrangement (obeying Bernal-Fowler ice rules), but do not have long-range order [1, 7] . Moreover, the 50% concentration of hydrogen bonds relative to covalent bonds, the simplicity of the molecules, and the coherency of the ordered structure make the ice Ih an ideal system in which to probe the covalent nature of the hydrogen bonds. Unfortunately, neither neutron nor x-ray diffraction is sensitive to the extended wave function of the electrons in the hydrogen bond.
Very high momentum transfer inelastic x-ray scattering, so-called Compton scattering, has been shown to be an ideal probe for measuring the Fourier transform of the ground state electronic wave function of condensed matter systems [8] [9] [10] [11] . With the momentum transfer q fixed relative to a given crystal axis, the Compton scattering intensity is a direct measure of the probability n͑p͒ of finding an electron with momentum component p q projected onto the scattering vector. In a one-electron picture, this probability can be written as
where C n k ͑r͒ are the wave functions of the occupied states with Bloch vector k and band index n. From Eq. (1) it is clear that Compton scattering is most sensitive to the extended electronic states since they will have lower momentum and thus a narrower contribution to n͑p͒ and hence to the Compton profile. We note that this is very different from x-ray diffraction (elastic scattering) which is most sensitive to the more tightly bound core electrons.
Our principal experimental results were obtained using the high-resolution scanning spectrometer at ID15B at the European Synchrotron Radiation Facility. The incident energy from a Si(111) cylindrically bent, focusing Bragg monochromator was 29.12 keV. The scattered radiation was analyzed by a cylindrically bent Si(400) analyzer with an energy resolution of dv 50 eV and detected by a NaI scintillation counter. A scattering angle of u 174
± gave a momentum transfer jqj 27.9 Å 21 . Our momentum resolution, as determined by the energy resolution of the analyzer, size of the beam, and related geometry effects, was Dp Х ͑Dv͞v 0 ͒mc͞h Х 0.13 a.u.
[where c is the speed of light, an atomic unit ͑a.u.͒ ϵ a 21 B , and a B 0.53 Å is the Bohr radius].
Samples of ice Ih were grown at 210 ± C from deionized, distilled water. A small seed crystal placed at the center of the cool water bath was often necessary to nucleate growth. The ice crystals were cut, using a "meltextrusion" technique, to 2 mm 3 5 mm 3 35 mm slabs. Crystals were oriented with either the hexagonal c axis parallel or perpendicular to the slab surface normal. Samples were mounted on the precooled cold finger of a closed-cycle 4 He refrigerator and cooled slowly (over several hours) to a temperature of 170 K to avoid cracking. The measurements were carried out in reflection with q either along, or perpendicular to the c axis.
In Fig. 2 we plot the measured scattering intensity as a function of energy (Compton profile) for ice Ih with q parallel to the hexagonal c axis. The profile has been corrected for geometrical effects, air and sample absorption, and analyzer reflectivity. This high statistics Compton scan took approximately 23 h to collect a total of 5.8 3 10 7 counts with 6.5 3 10 5 counts in an 0.03 a.u. bin at the peak. The center of the Compton profile is shifted by the recoil energy q 2 ͞2m 2.97 keV, relative to the elastic peak at 29.12 keV. At such high recoil energies, corrections to the so-called impulse approximation are ϳ10 24 or 0.01% ͑ϳE H-bond ͞E recoil ͒ smaller by almost 2 orders of magnitude than the features in the Compton profile anisotropy, which we now describe.
In order to selectively examine the effects of hydrogen bonding, we have measured anisotropies ͑I c-axis -I a,c-plane ͒ of the Compton profile. Anisotropies subtract out the contributions of the isotropic core states. More importantly, what remains in the anisotropy is dominated by wave function phase coherence, i.e., covalency, among neighboring molecules through the hydrogen bonds. In Fig. 3 we show the experimental anisotropy (red circles) plotted as the difference between the Compton profiles measured with q parallel (as in Fig. 2) , and perpendicular, to the hexagonal c axis for T 150 K. The data are plotted as a function of electron momentum p with the center of the Compton profile shifted to p 0, as a percent of the peak intensity of the raw Compton profile.
The predominant feature of the experimental anisotropy is a periodic variation in intensity, most evident in the data between p 0.5 and 2.5 a.u. Periodic wiggles in the Compton profile anisotropy arise from wave function phase coherence, i.e., covalency, as we will show below. A power spectrum of the data, shown in the inset of Fig. 3 , reveals two dominant peaks at distances of 1.72 and 2.85 Å. That the two predominant distances are close to the hydrogen bond length and the nearest neighbor O-O distance in ice Ih, respectively, is direct evidence that there is covalent character to the hydrogen bond. Weaker peaks observed at 0.89, 4.16, and 4.96 Å can be ascribed to the s bond, and higher neighbors in ice, respectively, the latter being evidence for phase coherence of the wave function at distances beyond the dimer (O-O).
In order to better understand the contribution of covalency to the anisotropy, two completely parallel calculations of the Compton profile based on two extreme bonding scenarios have been carried out. In the first bonding scenario the hydrogen bonds are treated as purely electrostatic, i.e., a classical picture in which there can be no covalency. In this case, the Compton profile of ice consists of the sum of the contributions from individual H 2 O molecules oriented according to the Bernal-Fowler ice rules (see Fig. 1 ). The Compton profile of an isolated H 2 O molecule depends on the direction of q relative to the molecular axes. This is primarily because of the orientation of the s bonds [12] . The dashed curve in Fig. 3 is the result of this calculation, which is clearly in poor agreement with the data. It is too small by about a factor of 4 and lacks the oscillatory structure which gives rise to the 1.72 and 2.85 Å peaks which so clearly characterizes the data.
The second scenario is a full quantum mechanical calculation of the electronic wave function of ice. As in any quantum calculation, covalency, i.e., wave function phase coherence between neighboring molecules, is explicitly included. These calculations of the anisotropies were carried out in a 12 molecule supercell of ice using pseudopotential methods and a wave function basis of plane waves in adaptive curvilinear coordinates [13] , within a generalized gradient density functional formalism as previously described [4] . Since the basis states in adaptive coordinates are not momentum eigenstates, the momentum components of each wave function were evaluated by direct numerical application of Eq. (1). The set of Bloch wave vectors k entering the sum was chosen so that the sampled momenta in the first and higher zones formed a uniform mesh in reciprocal space with a spacing of approximately 0.15a 21 B . The O 1s core contribution was not included in the calculations since it is removed in the anisotropy.
The result of this quantum mechanical calculation is shown as a solid line in Fig. 3 . It is in very good agreement with the data, in contrast to the electrostatic calculation. In particular, the power spectrum of the calculated curve yields distances of 1.9, 2.88, and 4.16 Å (inset in Fig. 3 ), practically the same as the data. There are no adjustable parameters in the theory except that a 40% reduction of the theory is required. Recent measurements of the temperature dependence of the anisotropy (to T 20 K) indicate that at least 20% of this reduction is due to thermal vibrations. The theory assumes T 0 K [14] . The remaining 20% reduction may be due to zero-point motion, correlation effects, and/or disorder. The fact that there is such good agreement between the data and the quantum mechanical theory and that the theory gives accurate lattice constants and sublimation (hydrogen bonding) energy (see Ref. [4] ) is strong support for the presence of a covalent component to the hydrogen bond in ice.
The distances in the power spectrum of both the data and the theory show small shifts from the h-bond length of 1.75 Å and the O-O distance of 2.75 Å and from each other. Shifts from the actual bond lengths can occur because Compton scattering measures the projection of the hydrogen bonds onto the scattering vector. The small differences between the data and the theory are probably due both to the finite sampling range (24 to 4 a.u.) and a slight misalignment of the ice crystal in the measurement. The latter can produce the small discrepancy in the anisotropy for p . 2 a.u.
In order to better understand how covalency gives rise to oscillations in the Compton profile anisotropy, we consider the simpler hydrogen molecule [15] . For the electrostatic case, the classical molecular wave function would consist of single electrons in each of the two, distinguishable 1s atomic states, F͑r͒ ϳ exp͓2jrj͞a B ͔ and F͑r 2 R͒. From Eq. (1), the momentum density is then n͑p͒ 2jF͑p͒j 2 , where F͑p͒ R F͑r͒ exp͓ip ? r͔d 3 r, i.e., just twice the momentum density for an isolated hydrogen atom. Furthermore, n͑p͒ does not depend on the separation between atoms or the angle between p and the molecular axis. In contrast, in a quantum mechanical treatment of the molecule treated in a single particle picture, the states are given by ͑1͞ p 2͒ ͕F͑r͒ 6 F͑r 2 R͖͒ (1͞2 bonding/ antibonding); i.e., the two constituent wave functions have a definite phase relationship. In the ground (bonding) state Eq. (1) gives n͑p͒ ͑1͞2͒ jF͑p͒j 2 j͕exp͓ip ? R͔ 1 1͖j 2 . Therefore, we see how the presence of covalency can give rise to a large periodic variation and angular dependence in the momentum density. We also note that the anisotropy in jF͑p͒j 2 is the envelope function which gives rise to the decay in the intensity of oscillations with increasing momentum. In the case of the hydrogen bond in ice, there are not one but two relevant distances, the longer O-H and O-O distances. These produce the two dominant periodic oscillations in the Compton profile that we observe.
Compton profile anisotropies of ordinary ice show the first direct experimental evidence for covalency among neighboring molecules through the hydrogen bonds. This interpretation is strongly supported by very good agreement of the data with a fully quantum mechanical theory for the hydrogen bond. Our results also show the remarkable sensitivity of Compton scattering to the phase coherence of the ground state electronic wave function. This opens up the possibility of applying Compton scattering to a range of systems in which the hydrogen bonds may be significantly modified such as urea and other interesting biological specimens.
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